We present a method for separation of the waves S 1 and S 2 in azimuthally anisotropic media. The method based on analysis of cross-correlation function is demonstrated by applying it to a real data from the Mexican Gulf.
Introduction
Nowadays there is a variety of well-developed methods for separation of shear waves S 1 and S 2 propagating through azimuthally anisotropic layer or layers and recorded in coordinate system arbitrarily oriented about the natural coordinate system, in which these waves are separated in space and time. These methods are as follows: Alford (1986) , Naville (1986) , Gorshkalev (1986-a, 1986-b) , Igel and Crampin (1990) , MacBeth and Crampin (1991) , Harrison (1992) , Gaiser (1999) , Garotta (1999) , and some others.
Here we present a method based on similarity of waveforms of waves S 1 and S 2 which is recognized from the maximum of cross-correlation function (CCF). This method was put forward by Gorshkalev (1986-a, 1986-b) , developed in more details by Nikolskiy (1987 Nikolskiy ( , 1992 , and then many times applied by Nikolskiy and Shitov (1992) , Gorshkalev (2001) , Gorshkalev et al. (2004 Gorshkalev et al. ( , 2011 . Though this method has long been proposed and over the years is used, it remains unknown for a great majority of specialists in exploration seismology. Presenting the CCF-method, we demonstrate an example of its application to 3D-4C data from the Mexican Gulf.
CCF Method
The goal of the CCF method is to obtain the records of shear waves S 1 and S 2 in their natural coordinates, i.e., with the axes parallel to polarization vectors of these waves.
The method Gorshkalev, 1986-a, 1986-b) deals with 3-component records of SS-or PS-wave at each observation point, therewith the S-ray direction at this point should be known. Saying "S-ray", we mean that the rays of the waves S 1 and S 2 are assumed to be coinciding and equivalent to the wave normals of these waves. In general, this is not valid for any direction and is only admissible if anisotropy is weak. Nevertheless, this assumption is involved in the algorithm under consideration, as well as in other current algorithms focused on this task. The first step of the algorithm is to determine the S-ray direction, if it is unknown. The next step is in transforming the 3-component records from the available coordinate system to a new one, xyz, in which z-axis is parallel to the ray ( Figure 1) ; then the plane xy will contain polarization vectors of waves S 1 and S 2 . Often this step is omitted because the S-rays of waves S 1 and S 2 at the receiver points are admissible to consider as vertical ones or they are really vertical. If this is not the case, the coordinate system xyz with z-axis along the ray is found by estimation eigenvalues and eigenvectors of the covariance matrix
where ), (
Given eigenvectors of the matrix A, the u x -component should be pointed in x-direction, which corresponds to the eigenvector of the maximum eigenvalue of A. The u ycomponent is to be pointed in y-direction, i.e. along the eigenvector corresponding to the medium eigenvalue of A. At last, the vertical axis z should be set parallel to the eigenvector according to the minimum eigenvalue of A. Figure 1 : The z-axis should be set parallel to the S-ray, so that the plane ху were the plane of particle motion in the S1 and S2 waves.
The algorithm of CCF method is as follows. At first, the records x(t) and y(t) are transformed into the records x'(t) and y'(t) by means of rotation around the z-axis by different angles α j , as it is shown in Figure 2 , that is
Then, for every α j , the cross-correlation functions are computed between the normalized records x'(t) and y'(t):
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Figure 2: The given coordinate system xy with x-axis along source -receiver direction (the source is drawn red), and the successive positions of coordinate systems x'y' leading to the final position corresponding to the rotation angle  delivering the maximum for the cross-correlation function, the equation (3). The polarization vectors of the fast and slow waves (S1 and S2) point, correspondingly, to the fracture strike direction and the normal to fracture planes. The fracture strike direction is determined relatively the north (N) as αN= φ+α, where φ is the azimuth of source-to-receiver line.
The final step of the algorithm is to find the maximum value of the cross-correlation function,
among all computed and, hence, the value of the angle  and the time lag  between the arrivals of waves S 1 and S 2 .
In the result, one obtains the seismograms ) ( 1 t s and ) ( 2 t s of the waves S 1 (fast) and S 2 (slow),
(5) These seismograms are suitable for processing and imaging to get time and depth sections for PS 1 and PS 2 waves complementary to corresponding P-wave sections. The  -value serves to determine fracture strike direction which coincides, in the case of HTI symmetry, with the polarization vector of the fast wave S 1, whereas the polarization vector of the slow wave S 2 points in the direction normal to fracture planes (Figure 2 ). The time lag  can be interpreted in terms of Thomsen's anisotropy parameter γ for fracture-density estimation. Nikolskiy (1986 Nikolskiy ( , 1993 developed the CCF method furthermore. He has found more effective criterion of similarity of waveforms for the waves S 1 and S 2 . He has suggested the substitution of the normalized autocorrelation functions, 
Besides, Nikolskiy (1986 Nikolskiy ( , 1993 developed also some new criteria; these are the cross-correlation function between the amplitude spectra of the records x'(t) and y'(t), and the cross-correlation function between their phase spectra.
Example of method application
Preliminary data processing. The example is related to 3D-4C marine OBS data acquired in the Mexican Gulf and deals with converted waves PS. The processing begins from the compensation for the accidental orientation of horizontal receivers due to the difficulty in planting receivers accurately in the marine environment. For each receiver, the direction pointing to the source is determined from the fact that polarization of the direct or refracted Pwave in the first arrivals is linear. To find this direction, the P-wave horizontal components x and y are rotated around zaxis as long as the total energy were found to be at the new, corrected, x-component, and null energy at the new ycomponent (e.g. Gaiser, 1999) .
Before performing PS-wave separation, the horizontal components x(t) and y(t) are transformed into the radial (R) and transverse (T) components within the receiver-centered coordinate system (Figure 3 ). Figure 3 : A common-receiver point is located at the centre of the circle, and the sources are all around it (shown are only two source points). All the sources are located in the ring between the two circles. In this new coordinate system the x-and y-components are called the radial (R) and the transverse (T). The axis x is directed along the source-to-receiver azimuth, so that the radial component always points away from the source for each seismic trace related to its source point. The transverse component is directed along the axis y and points 90° clockwise from the radial; the vertical component z is perpendicular to the plane xy and points downward.
As a result we obtain azimuthal common-receiver gathers for radial and transverse components shown in Figure 4 where they are formed by pairs of traces (R,T) for each azimuth within the offset interval 1000-1100 m. This is the input data for the procedure of wave separation using CCF method.
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Wave separation technique. As an input data, the PS-wave arrival times also should be specified for the reflector event. In this example, there was originally specified the event at T 0 = 1000 ms. However when initially, for T 0 = 1000 ms, the polarization analysis was carried out in an attempt to separate the waves PS 1 and PS 2 , we obtained an uncertain outcome. It turned out that the delay time  between fast and slow waves, PS 1 and PS 2 , in fact, was zero (less than a millisecond). This means practically the absence of anisotropy for this event. So we left it and began to analyze the case of another event at the time T 0 =1460 ms bordered in Figure 4 by two blue lines), and so we performed the separation procedure for this event. In this case we have got satisfactory results, i.e., the average delay time  was about 5 ms. Let us follow the basic steps of the CCF method as applied to the pair of traces shown in Figure 5 , the radial (x) and transverse (y) components, which correspond to the sourceto-receiver azimuth φ equal to 34°. The time T 0 = 1460 ms corresponds to the central extremum (minimum) of the signal at x-component. The time window selected for the analysis (colored grey) is of 100 ms-width. Figure 5 demonstrates how the pulse shapes are changed during the wave-separation procedure, eqs (1)- (5). Let compare the waveforms of three pairs of traces within the selected time window sequentially. The first pair of traces (x, y) represents the original signal after its pre-processing into the radial and transverse components in the receivercentered coordinate system shown in Figure 3 . This is the interferential wave field consisting of two waves, PS 1 and PS 2 .
Figure 5: The pair of traces (x, y) presents the records x(t), y(t) in the coordinate system xyz shown in Figure 3 . The pair of traces (x', y') results from the transformation into the coordinate system related to the vertical S-ray. The pair of traces (S1, S2) is a final result, i.e. these are separated waves PS1 and PS2.
The second pair of traces (x', y') shown in Fig.5 are the components transformed into the coordinate system related to the S-ray (Fig. 1 ). This transformation is based on estimation of the eigenvalues and eigenvectors of the covariance matrix A, equation (1). Since in our case, the data on the vertical component ) (t z was absent, the matrix A occurred to be of the second rang, which implies that the S-rays of waves PS 1 , PS 2 were supposed to be vertical. The third pair of traces (S 1 , S 2 ) presents the separated waves, PS 1 and PS 2 , corresponding to the maximum value of the cross-correlation function (CCF), which is shown in Fig. 6 . 
B
. The maximum value of ) ( B corresponds to the fast-S1-wavepolarization direction, the angle α=136°.
In this example, for the single azimuth φ of the source-toreceiver line, φ=34°, the program has estimated the following values: α=136° and τ=9.4 ms. Figure 7 shows the result of wave separation for different azimuths of sourceto-receiver lines (within the φ-interval (0°; 90°)), these are the waves PS 1 and PS 2 in the time window marked by two bold parallel lines. The mean delay time τ between the fast and slow waves PS 1 and PS 2 , for different source-toreceiver lines φ, within 0 -180 0 range, was found to be τ = 5.1 ± 4.6 ms (Figure 8 ). This large scatter in τ-values can be explained by actually non-vertical direction of the PSwave rays.
The fracture-strike direction α N in the global coordinate system, that is with respect to a fixed direction such as the north (N), is determined as α N = α + φ, where the angle α is measured from the source-to-receiver-line of azimuth φ, as shown in Figure 2 Let consider the time delays τ between the waves PS 1 and PS 2 in more detail. In Figure 8 , the time lag τ is plotted versus azimuth φ in the interval (0, 180°). It is seen that the function ) (  looks like a pair of sinusoids, each with a period equal approximately to 90°; the mean τ-value therewith is greater in the second sinusoid than in the first one. The linear approximation of ) (  for the whole τ-interval makes it more noticeable (marked red in Figure 8 ). The sinusoidal character of the function ) (  is related to the analogous character of the V S1 -and V S2 -velocity dependences on the angle between the S 1 -and S 2 -wave normals and the symmetry axis of TI-medium. Besides, one can note similar positive gradient trends in the linear approximation of ) (  and in the linear approximation of the offset-distribution function of φ (both marked by the red line in Figs. 8 and 9 ). This trend in the ) (  may be explained by the similar trend in the offset-distribution function of φ shown in Figure 9 .
The numerical modeling performed for estimating of the possible time-lag range at the near-vertical S-rays of the waves PS 1 and PS 2 (within the possible maximal ray-angle deviation of ~10°) permitted us to find the Thomsen's parameter  changing in the limits from 0.04 to 0.20. Such values are typical for anisotropy of naturally fractured carbonate reservoirs we dealt with. We estimated the normal and tangential weaknesses (e.g., Chichinina et al. 2009 , Obolentseva et al. 2011 ) to be ~0.1, that is, anisotropy was found to be rather weak. 
Conclusions
We have presented the essence of the CCF method for separation of shear waves. This method was developed in 1986 and successfully used in Russia for more than 25 years with excellent results (e.g., Obolentseva and Chichinina, 2010) . This example of the CCF-method application to Mexican data has shown somewhat uncertain quantitative results. That is, the time delay τ and the polarization vector direction of the fast wave, the angle α, were found with a large scatter of values, these are τ = 5.14 ms ±4.6 ms, and α =131°±15°. This is because of the data lack on z-component, so that we had to work only with the horizontal components x and y. Because of this we had to assume that the S-rays of the PS converted waves were vertical. This led to decrease in the accuracy of the quantitative results. Nevertheless, the presence of azimuthal anisotropy is evident.
The presented data anyway can be taken as some kind of demonstration of the CCF method. In the introduction, many references pointed to the successful application of the CCF method to Russian data. Nevertheless, we have presented this case of the method application to the Mexican data, as we would draw up the results of the international scientific collaboration in the processing of converted waves. This work was carried out in frames of
